ABSTRACT
INTRODUCTION
Pineapple is a tropical fruit very much appreciated throughout the world. Thailand, Brazil, Philippines, China and India are the main producing countries, amounting to 2.70, 2.48, 1.83, 1.40, and 1.23 million tones, respectively (FAO, 2010) . Natural phosphates provide phosphorus at a lower cost per unit of P, therefore, studies on the use of rock phosphates in pineapple fertilization can make these P sources economically attractive to the production process (Teixeira et al., 2002) .
Notably, the advanced weathering of soils in tropical regions tends to favor the specific adsorption and/or precipitation of phosphates, making this nutrient often limiting for plant development (Leal & Velloso, 1973; Novais & Smyth, 1999) . Because the soil sink for P tends to be much higher than the plant sink, it is recommended that, whatever the source of soluble phosphorus, management of its use should be localized (Novais & Smyth, 1999) . In pineapple, fertilizers can be applied to the soil and to basal leaf axils (Teixeira et al., 2002) .
Although rock phosphates have low solubility in water, it increases with acidity. The use of rock phosphates together with humic and citric acids in basal leaf axils of pineapple, with some leaking into the soil, can enhance P solubility and availability to the crop. The use of natural rock phosphates treated with organic acids of low molecular weight is a common practice to increase phosphorus availability to plants (Kpomblekou & Tabatabai, 2003; Busato et al., 2005) .
Humic acids have been designated as supramolecular aggregates (Piccolo, 2001) , forming clusters of heterogeneous organic compounds of low molecular weight, containing predominantly hydrophilic (fulvic acids) or hydrophilic/hydrophobic (humic acids) domains. In natural systems, there is a mixture of these domains. Such aggregates are maintained in solution by hydrogen bonds and hydrophobic interactions which, alone, are weak, but, together, can provide structure to these substances and thus result in a just apparent high molecular mass. When, operationally, ionization is promoted using alkali extractants, both groups are dissolved, whereas acidification provides precipitation of the so-called humic acids only, which are less polar than fulvic acids. Additionally, acidification of humic acids solution with citric acid may influence the structure and conformation of the supramolecular arrangement of these humic substances, with a relative disintegration of these clusters, increasing their reactivity (Piccolo et al. 1996a, b; Piccolo, 2001; Simpson, 2001) . Sposito (2008) emphasizes that humic substances, designated as supramolecules by Piccolo (2001) , would have the properties of biomolecules from which they are derived: fragments that form an integral or labile part of the molecular architecture and thus control their conformation, chemical reactivity and bioactivity. In this context, synergistic effects of humic substances on plant growth have been demonstrated and, in a general way, the hypothesis of a hormonal auxinic effect has been proposed. (Nardi et al., 2002; Canellas et al., 2002 Canellas et al., , 2008a Zandonadi, 2006; and Zandonadi et al., 2007) . Baldotto et al. (2009) reported a biostimulating effect from foliar application of humic acids, isolated from vermicompost and filter cake, on pineapple in vitro plantlets during the acclimatization period, resulting in increases in N, P, K, Ca, and Mg contents and growth of aerial parts and root system. Canellas et al. (2008b) studied the exudation profile of plants treated with humic substances and observed that the presence of citric acid, as well as malic, tartaric, and oxalic acids, increased in exudates of corn roots. Chromatographic analysis of these solutions revealed the presence of low-molecular-weight substances only, indicating the separation of the humic acids aggregate that was initially applied and corroborating previous results obtained by Piccolo et al. (1996a, b) , Piccolo (2001) and Simpson (2001) . These findings confirm the biomolecules' provider property conceptualized by Sposito (2008) for humic acids, and also as biostimulants, which was as well observed by Nardi et al. (2002) , Canellas et al. (2002 Canellas et al. ( , 2008a Zandonadi (2006) and Zandonadi et al. (2007) and Canellas et al. (2008a) . Canellas et al. (2008b) found that adding citric acid and humic acids to the growth of maize seedlings resulted in higher biostimulation than the control containing only humic substances, in which the concentration of 0.005 mmol L -1 gave the largest increases. These increases were attributed to the relation between the conformation and structure of humic acids, which was included in the conceptual model of Piccolo (2001) . Busato et al. (2005) found that rock phosphate solubilization in solutions containing humic acids increases with decrease in pH (from 7 to 5). Giro (2008 a, b) reported that the addition of citric acid resulted in increase in Araxá phosphate solubilization with solutions of humic acids, since it is expected a higher exposure of dissociable acid groups (Piccolo, 2001; Sposito, 2008) . The results also show that the effect of adding citric acid to the solution of humic acids varies quadratically with the dose, in which 0.005 mmol L -1 gave the maximum response. This concentration of citric acid, in the absence of humic acids, did not provide differences in solubilization of rock phosphates compared with the control treated with distilled water. Thus, the combined application of humic acids and citric acid with natural phosphate rocks to the axils of pineapple can promote greater reactivity of humic acids and increased P solubilization. Simultaneously, the combination of these substances can promote physiological stimulation, with auxinic effect, by the release of biomolecules preserved in the supramolecular arrangement of humic acids.
Accordingly, the present study aimed to evaluate the initial performance of pineapple in response to fertilization with Araxá rock phosphate combined with solutions containing increasing concentrations of humic acids (0 to 40 mmol L -1 of C) in the presence or absence of citric acid (0.005 mmol L -1 ) applied to basal leaf axils of pineapple cv. Pérola.
MATERIAL AND METHODS
A greenhouse experiment was conducted at the Norte Fluminense Darcy Ribeiro University, UENF, Campos dos Goytacazes, RJ, Brazil. The treatments were arranged in a 3 +3 +1 +1 Baconian matrix, including: Araxá rock phosphate combined with three concentrations of humic acids, with addition or not of citric acid, Araxá rock phosphate only, and control (Table 1) .
The experiment was conducted in a randomized block design with six replicates. Fertilization, irrigation and other factors were controlled and kept constant in all treatments, according to recommendations by Novais et al. (1991) .
The (Canellas et al., 2008b) . The vermicompost-derived humic acid was previously isolated and characterized by Baldotto et al. (2007) and citric acid was a pure analytical reagent. Slips of pineapple (Ananas comosus (L) Merril) cultivar Pérola, were previously immersed in solutions containing organic acids of each treatment for 24 hours (Table 1) . Immediately after planting, rock phosphate was applied to the axils, and 100 mL of the same solutions of organic acids were applied to the basal leaf axils.
At 45 days after planting, the following variables were measured: plant height (PH); length of the "D" leaf, which is inserted at an angle of 45 degrees to the stem, between the ground level and an imaginary axis through the center of the plant (LD); width of the middle one-third of "D" leaf (WD); rosette diameter (RD) and diameter at base (BD), using a caliper; and leaf number (LN). Leaf area (LA) was estimated by image analysis using a 3100 LI-COR meter.
Plants were cut close to ground level and aerial plant part was weighed to obtain fresh matter (FM) and then dried in an forced-air oven at 60 o C to a constant weight to determine dry matter (DM). DM was subjected to sulfuric digestion combined with hydrogen peroxide to determine total N, P, K, Ca and Mg. N was determined by the method of Nessler. P content was obtained by molecular absorption spectrophotometry (colorimetry) after reaction with vitamin C and ammonium molybdate, at 725 nm; K was determined by flame photometry; and Ca and Mg were measured by atomic absorption spectrophotometry. All determinations were performed according to the usual methods for pineapple crop of the Mineral Nutrition Sector at the Plant Science Laboratory, UENF (Ramos, 2006) . Nutrient contents were calculated by multiplying the dry weight of aerial part by the nutrient content.
Data were examined by analysis of variance, and the effects of qualitative factors were decomposed in mean contrasts, according to Alvarez V. & Alvarez (2006) . Table  2 shows the coefficients of the contrasts studied.
Quantitative factors were studied by regression analysis. Regression equations were adjusted between the mean variables and the humic acid concentrations, combined with phosphate, using or not citric acid. The F test was applied to the decomposed factors at 10, 5 and 1% probability level (Steel & Torrie, 1960) . Models from the regression analysis were selected when determination coefficients were above 0.60 (R 2 > 0.60). The regression equations for pineapple dry matter were used to determine the concentrations of maximum physical efficiency 
RESULTS

Growth characteristics
Overall, there were effects of treatments on growth and mass accumulation of pineapple compared with the control (Tables 3 and 4) , except for leaf number (LN). For plant height (PH), length and width of "D" leaf (LD and WD), rosette and base diameters (RD and BD), fresh and dry matters, and leaf area (FM, DM and FA) of aerial parts, the increases were 16, 9, 12, 17, 17, 32, 29 and 32% respectively ( Table 4) .
The decomposition of treatment effects showed that there was no significant DM increase in the combination of phosphate and humic acids compared with the control (control versus NF + HA), but with addition of citric acid, the effect was significant and resulted in a 40% DM increase over the control (control versus NF + HA + CA) and approximately 16% DM over the combination phosphate and humic acids (NF + HA versus NF + HA + CA) (Table 4) . For leaf area, the effect of the combination of phosphate and humic acids was positive and 25% over the control (control versus NF + HA), increasing to 42% with addition of citric acid (control versus NF + HA + CA).
The use of phosphate with humic acids was not superior to phosphate alone (NF versus NF + HA), but in the presence of citric acid (NF versus NF + HA + CA) the effect was 19% higher. The comparison of phosphate rock combined with humic acids with or without citric acid (HA + NF versus NF + HA + CA) showed that the use of the latter increased in 14% the pineapple leaf area (Table 4) .
In general, the response of pineapple growth characteristics showed curvilinear increases at squared root or quadratic rates as a function of the increasing concentrations of humic acids combined with rock Table 2 . Coefficients for treatment contrasts.
(1) Treatments: (-) = control; NF = Araxá natural phosphate; HA = humic acid, CA = citric acid. (2) Decomposition: NF = rock phosphate; HA = vermicompost-derived humic acids; CA = citric acid.
(P), ° and * = significant at P, 10 and 5% probability levels. (1) Comparison: (-) = control; HA = vermicompost-derived humic acids; CA = citric acid; and NF = rock phosphate.
(2) Growth characteristics: LN = leaf number; PH = plant height; LD = length of D leaf; WD = width of D leaf; RD = rosette diameter; BD = base diameter; and FM, DM and LA = fresh matter, dry matter and leaf area of pineapple aerial parts, respectively.
(3) Relative increments: 100(x-y)/y, where x = mean of treatment with the highest value and y = mean of treatment with the lowest value. º, * and ** = significant at 10, 5 and 1% probability levels, respectively.
Comparison
(1) D.F. phosphate, with or without citric acid, respectively (Table 5) .
The maximum DM accumulation in the aerial parts was 9.6 g per plant for the combination phosphate and humic acids (NF +HA) and 13.2 g per plant for the same combination plus citric acid (NF+ HA + CA) ( Table 6 ). The results also show that the greatest DM accumulation with citric acid occurred at much lower concentrations of humic acids: 9.3 mmol L -1 of C in the form of humic acids relative to 18.8 mmol L -1 of C for treatments without citric acid. Table 7 shows the variables of pineapple aerial parts at the concentration of humic acids of maximum physical efficiency (peak of dry matter). These values were estimated by assigning to the independent variable (x) of the regression equations, in Table 5 , the concentrations of Table 6 . These results are the expression of the other pineapple growth characteristics for the two main treatment groups, i.e., phosphate combined with humic acids, with and without citric acid, when the dry matter was highest for these treatments. Hence, it allows the comparison of other plant characteristics in response to both treatments, in the condition of the highest reserve accumulation by pineapple plants (Table 7) .
Nutritional composition
N, P, K, Ca and Mg contents in the pineapple aerial parts varied significantly in response to application of phosphate rock combined with humic acids with or without citric acid (Tables 8 and 9 ). Table 9 shows increases in the absorption and accumulation of all nutrients for the treatments compared with the control (control versus factorial). For P, the focus of this study, for example, the mean of the treatments was 3.09 mg per plant, 43% greater than the control. The effect of the combination phosphate with humic acids and citric acid compared with the control (control versus NF + HA + CA) was higher than that obtained with natural phosphate alone (control versus NF) or rock phosphate and humic acids (control versus NF + HA), achieving increases of 4.14 mg P per plant, corresponding to 58% P increase over the control.
Absorption and accumulation of the other nutrients in response to the treatments compared with the control (control versus Factorial) was also significant, with 22, 20, 29 and 51% increases for N, K, Ca and Mg respectively. Again, on average, the citric acid significantly increased nutrient absorption, with 28, 28, 36 and 61% increase for N, K, Ca and Mg respectively, compared with the control (control versus NF + HA + CA).
Similar to what was found for production of DM of aerial parts, the response curves for P contents in different concentrations of humic acids, combined or not with citric acid, resulted in different concentrations for determination of the maximum point of the regression functions (Table  10) .
The maximum P accumulation points in response to the concentration of humic acids combined with rock phosphate were 20.8 and 9.1 mmol L -1 of C in the form of humic acids, with and without citric acid, respectively. These values are very close to 18.8 and 9.3 mmol L -1 of C of maximum production of DM of aerial parts in response to the same treatments (Table 11 ). The maximum P contents were 8.39 and 12.37 mg per plant for the concentrations of humic acids, with and without citric acid, respectively. Thus, citric acid promoted a 47% increase in P content in the condition of maximum efficiency.
The same behavior was observed for the contents of the other nutrients. At the point of maximum dry matter, the combination of natural phosphate with humic acids and citric acid gave higher values than those obtained for the use of natural phosphate with humic acids alone (Table 11 ). (1) Characteristic: LN = leaf number; PH = plant height; LD = length of D leaf; WD = width of D leaf; RD = rosette diameter; BD = base diameter; and FM, DM and LA = fresh matter, dry matter and leaf area of pineapple aerial parts, respectively.
Characteristic
(1) (1) Generated by the first derivative of the regression equation.
Treatment
Rev. Ceres, Viçosa, v. 58, n.3, p. 393-401, mai/jun, 2011 (2) Contents: N, P, K, Ca and Mg = nitrogen, phosphorus, potassium, calcium and magnesium, respectively. (1) Comparison: (-) = control; HA = vermicompost-derived humic acids; CA = citric acid; and NF = rock phosphate.
(2) Effects on nutrient content: N, P, K, Ca and Mg = nitrogen, phosphorus, potassium, calcium and magnesium, respectively.
(3) Relative increments: 100(x-y)/ y, where x = mean of treatment with the highest value and y = mean of treatment with the lowest value. º, * and ** = significant at 10, 5 and 1% probability levels, respectively. 
DISCUSSION
The best growth performance and nutritional status of pineapple plants occurred in the following order of treatments: control < rock phosphate ~ rock phosphate with humic acids < rock phosphate combined with humic acids and citric acid. The isolated use of rock phosphate resulted in a better initial performance when compared with the control. We can conclude, therefore, that the portion of phosphate accumulated with application of rock phosphate alone was inferior to that obtained when it was combined with organic acids. Thus the increase in P contents, alongside higher growth and higher mass of pineapple plants found for the combination of phosphate with humic acids, especially in the presence of citric acid, resulted in greater absorption and accumulation of this nutrient. Such utilization can be attributed to increased P solubility when applied together with organic acids. It is assumed that this increased solubilization may be caused by: i) the proton supply by organic acids;
ii) the complexation of Ca 2+ by organic ligands; and iii) the physiological stimulus of plants, i.e., the bioactivity of humic acids, which may have increased the efficiency of plant P transporters. Observing the equations 1 and 2, we can see that protons are reactants and Ca 2+ is a product, that is, the removal of Ca 2+ by complexation with the ligand and the proton ionization are simultaneous and, according to Sposito (2008) , occur rapidly. Thus, these facts are in accordance with the argument in iii, since, when stimulated, the plants tend to absorb more P and Ca, and hence, by removing products, the solubilization of the remaining rock phosphate increases. Cation absorption stimulates extrusion of H + , increasing the reagent acidity in Equation 1.
It is expected that, by the same mechanism of stimulation attributed to humic acids, namely, activation of cation uptake and extrusion of protons (acidity growth), the treatments resulted in additional increases in P solubility. Additionally, the efficiency of P transporters could have increased, resulting in increased uptake by plants (Canellas et al. 2002; Canellas & Façanha, 2004; Canellas et al. 2006; Canellas et al. 2008; Zandonadi et al., 2007) .
According to the above discussed, the addition of low concentrations of organic acids tend to diversify and increase the activity of humic acids' components in solution. This therefore leads to an enhanced acid, complexing and biostimulating strength of humic acids and hence explain the positive effect of low concentrations of citric acid (0.005 mmol L -1 ) combined with humic acids on P solubility, resulting in increased accumulation of P and dry matter in plants. Canellas et al. (2008b) reported that the presence of citric acid, as well as malic, tartaric and oxalic acids, occurred and/or increased in the exudates of maize roots in response to concentrations of humic acids.
Finally, the combination organic acids and natural phosphate resulted in increased P utilization, better nutritional composition and growth of plants, and consequently superior initial performance of pineapple. This behavior favors plant establishment (a critical physiological stage in this crop) and confer greater fitness in the subsequent growth conditions by increasing reserves and possibilities of water and nutrient uptake and light capture. (1) Generated by the first derivative of the regression equation for dry matter.
Nutrient
